In the fields of optics and electromagnetics, graphene 1, 2 has generated substantial interests due to a number of its unique capabilities. As a single atomic layer material, graphene, nevertheless, interacts strongly with light at the near infra-red and visible wavelength range. Such an interaction moreover is tunable by varying the chemical potential. As a result, graphene has been widely explored to construct optical devices such as modulators 3, 4 and detectors 5 and has been used to enable nonlinear optical interactions on chip. 6 These optical devices, however, typically have at least one of the dimensions beyond a single-wavelength.
In the longer wavelength range of 0.2 eV or less, graphene supports strong plasmonic response. [7] [8] [9] [10] [11] [12] [13] [14] Graphene plasmons, with its tunability, enable active electromagnetic devices that are on the deep sub-wavelength scale. Several metamaterial-inspired concepts have been numerically demonstrated in graphene. 15 As a fundamental building block, graphene plasmonic waveguides have been numerically investigated. [16] [17] [18] Recent works have also developed concepts of sub-wavelength switches based on graphene plasmonics. 19, 20 The switches in Refs. 19 and 20 however are based on tuning the absorption of a single graphene layer and functions only as a one-port modulator. As a further step, in this Letter, we present a design where graphene plasmons can be routed between two different graphene waveguides by relatively small chemical potential tuning. The overall device dimension is much smaller compared with the free-space wavelength of light. Such a 1 Â 2 switch is a crucial enabling component for large-scale integrated electromagnetic circuits since it is the basic building block for complex switching and routing networks. Figure 1(a) shows the configuration of a 1 Â 2 waveguide switch for graphene plasmons. We assume a two-dimensional configuration. No electromagnetic field variation is assumed in the y-axis. The switch consists of the top and bottom graphene layers embedded in the three dielectric layers made of intrinsic or lightly doped silicon so that the top graphene layer can be biased by voltage V g . The switch has a single input port on the bottom graphene layer (Port 1) and two output ports on the bottom (Port 2) and top (Port 3) graphene layers. The two graphene layers are parallel to each other within the finite length L along the x-axis. The distance between the two graphene layers increases beyond x ¼ L.
We show that the structure in Fig. 1 (a) behaves as a 1 Â 2 switch when we vary the chemical potential of graphene. The optical conductivity r of graphene consists of the Drude (intraband) and interband contributions and is related to the chemical potential l through
where
. e, k b , and É are the charge of an electron, the Boltzmann constant, and the reduced Planck constant, respectively. We assume an electron scattering lifetime s ¼ 0.5 ps, [22] [23] [24] and a temperature of T ¼ 300 K in Eq. (1) . Near the frequency x/(2p) ¼ 30 THz, such conductivity form indicates strong plasmonic response. Therefore changing the chemical potential allows one to change the propagation characteristics of graphene plasmons.
Using this form of graphene optical conductivity (Eq. (1)), we simulate the 1 Â 2 switch with a simulator based on the finite integration technique. 25 Graphene is modeled as an equivalent dielectric material in simulation. 15 Graphene plasmon at a frequency of 30 THz is excited to propagate along the x-axis on the bottom layer and injected into Port 1. When l 1 ¼ l 2 ¼ 0.6 eV, we observe a complete transfer of the graphene plasmon to the top graphene layer at x ¼ L (Port 3) (Fig. 1(b) ). However, when l 1 ¼ 0.6 eV, l 2 ¼ 0.52 eV, we observe a partial transfer of the graphene plasmon to the top layer around Fig. 1(c) ). A modest change of chemical potential therefore allows us to switch the output between the two waveguides. The length of the switch is L ¼ 280 nm whereas the spacing between the graphene layers is 25 nm. We therefore have a deep subwavelength device.
In Figs. 1(d) and 1(e) we plot as dots the simulated spectra of transmission efficiency (jS 21 j 2 ) and the transfer efficiency (jS 31 j 2 ) for the two sets of chemical potentials. As indicated above, for l 1 ¼ l 2 ¼ 0.6 eV ( Fig. 1(d) ), we have a strong transfer (i.e., large jS 31 j 2 ) at the frequency of 30 THz. The ratio of the power of jS 31 j 2 to jS 21 j 2 is larger than 10 dB over a frequency bandwidth of 2.1 THz (7%), indicating a relatively broadband frequency response. We note that the frequency where peak transfer occurs is related to the choice of L, and a different choice of L can be used to accomplish high transfer efficiency at other frequencies. On the other hand, when l 1 ¼ 0.6 eV, l 2 ¼ 0.52 eV, we observe very little transfer (i.e., very small jS 31 j 2 ) over the entire frequency range of 24-36 THz where we did the calculation. The transmission shows an overall loss of 5 dB over the same frequency range, indicating a relatively low loss device.
We now develop an analytic model to account for the numerical results in Fig. 1 . This model will also be used to highlight some of the design considerations for this kind of switch. Figure 2 shows the analytic model. a 1 and a 2 are the wave amplitudes of the graphene plasmon modes on the bottom and top graphene layers, respectively. These amplitudes are normalized so that the power in each mode is ja 1 j 2 and ja 2 j 2 , respectively. We assume that the plasmon modes of each layer, when these layers are uncoupled, have Fig. 1(a) . 21 . The energy conservation constrains the coupling constants j 12 ¼ j 21 *. Assuming that the two graphene layers are weakly coupled, i.e., jj 12 j ( jb 1 j; jb 2 j, the graphene plasmon waves propagating in the forward direction are charac-
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Substituting a 2 0 ð Þ ¼ 0 into Eq. (2a), we obtain the transmission and transfer efficiencies
From the theory above, complete transfer between the two waveguides can be achieved when b 1 ¼ b 2 and j 12 L ¼ p/2 for the smallest L whereas zero-transfer between the two waveguides can be achieved when b 1 6 ¼ b 2 and b 0 L ¼ p; the coupling length for b 1 6 ¼ b 2 is half of that for b 1 ¼ b 2 . We therefore see that tuning the dispersion relation of a single sheet, e.g., by changing b 1 , is sufficient to achieve routing of graphene plasmons between the two waveguides. Also, to achieve complete transfer, the phase matching between the two waveguides (i.e., b 1 ¼ b 2 at the operating frequency) is important. Therefore, in our design, the use of top silicon region is important as it facilitates the phase-matching between the plasmons on the two sheets.
The parameters in the coupled mode theory above, i.e., b 1,2 and j 12 , can be determined by analytic calculation of the dispersion relation of graphene plasmons in the double layer structure. When the top dielectric substrate has enough thickness to be assumed infinite, the dispersion equation for the double graphene layer structure is given by
e 0 is the permittivity of free space. Two wavenumbers b c for the common mode and b d for the differential mode in the double graphene layer structure are calculated using Eq. (4). On the two graphene layers, the common or differential modes have the x-direction electric fields with the same or opposite signs, respectively. When the two layers are uncoupled, the wavenumber b 1 (b 2 ) for the bottom (top) graphene layer is obtained by
The coupling constant j 12 between the top and the bottom graphene layers can be obtained by using the coupled mode theory to relate the dispersion relations of Eqs. (4) and (5)
Using Eqs. (6a) and (6b), j 12 is expressed with the four wavenumbers
We use the theory above to understand the behavior of the 1 Â 2 switch. We start by comparing the analytic dispersion relations described above with numerical calculations of the eigenmodes. Figures 3(a) and 3(b) show the simulated magnetic field H y distributions of the common and differential modes at a frequency of 30 THz when l 1 ¼ l 2 ¼ 0.6 eV. Observe that the magnetic fields are extremely confined on the graphene layers. The wavelengths k g of both modes are approximately 50 nm (0.005 k 0 ) and are far smaller than the corresponding free-space wavelength. The common (Fig.  3(a) ) and differential modes (Fig. 3(b) ) have the out-of-phase and in-phase distributions in the y component of the magnetic field, respectively, in the interlayer along the z direction. Numerical results (blue circle and pink square in Fig.  3(c) ) for the dispersion relation of the common and differential modes agree well with the analytic results calculated using Eq. (4) (blue solid line and pink dashed dotted line in Fig. 3(c) ). The dispersion curve (green dashed line) of the single graphene layer with a chemical potential of 0.6 eV is also presented in Fig. 3(c) . It lies between the dispersion curves of the common and differential modes as expected from the analytic theory.
Figs. 3(d)-3(f) show the behaviors of the modes when the two graphene layers have different chemical potentials l 1 ¼ 0.6 eV, l 2 ¼ 0.52 eV. Unlike the equal chemical potential case above, where both the common and the differential modes have equal field strength in the two graphene layers, here the common mode is mostly concentrated on the bottom graphene layer (Fig. 3(d) ), and the differential mode is mostly concentrated on the top layer (Fig. 3(e) ). At large wavenumbers, the dispersion relations of the common and differential modes approach those of individual graphene layers at l 1 ¼ 0.6 eV, l 2 ¼ 0.52 eV, respectively (Fig. 3(f) ).
The modal behaviors as discussed above underlie the switching effect. When the chemical potential of the graphene layers matches, both common and differential modes have equal field intensity in the two layers. An incident wave exciting one of the graphene layers results in a linear superposition of the common and differential modes and hence power transfers between the layers. On the other hand, when the two layers have different chemical potentials, the transfer is suppressed since the eigenmodes are predominantly in either one of the layers.
Using the analytically determined dispersion relation as parameters, we apply Eqs. (2) and (3) to solve for the parameters S 21 , S 31 of the 1 Â 2 switch and compare to numerical simulations (Figs. 1(d) and 1(e) ). The analytical results agree excellently with numerical results. At 30 THz, the analytic results show a coupling constant of jj 12 /b 0 j ¼ 1 for l 1 ¼ l 2 ¼ 0.6 eV and jj 12 /b 0 j ¼ 0.43 for l 1 ¼ 0.6 eV, l 2 ¼ 0.52 eV, which correspond to the cases of complete ( Fig. 1(b) ) and near-zero transfers (Fig. 1(c) ) between the two graphene layers, respectively. The discrepancy between the analytic and numerical results around the frequency of 30THz comes from the weak but non-vanishing coupling from the curved top layer to the bottom layer, as shown in the inset of Fig. 1(b) . To account for such a coupling, we choose an effective coupling length of L ¼ 310 nm in Eqs.
(2) and (3); a length that is longer than the length of the parallel regions at 280 nm.
The overall dimension of this 1 Â 2 switch is much smaller compared with conventional photonic switches, including switches based on silicon waveguides or photonic crystals. The device here is far more compact because it exploits unique properties of graphene, including the deepsubwavelength confinement properties of graphene plasmons, and the ability to tune graphene plasmons by modest voltage change. The waveguide 1 Â 2 switch is a fundamental building block for large-scale integration of electromagnetic circuits. For example, it has been emphasized recently that any linear optical functionalities can be realized by cascading such waveguide switches. 27 A double graphene layer modulator has been experimentally demonstrated, 4 and the structure of Fig. 1 may be fabricated by current nanofabrication technology similar to Ref. 4 . Regarding the tolerance of the device, we note that the switch behavior is sensitive to the distance between the graphene layers and their chemical potentials. For example, the dispersion analysis estimates that the coupling length changes from 200 nm to 420 nm for a 63 nm variation of the interlayer thickness and from 240 nm to 350 nm for a 60.05 eV variation of chemical potentials of graphenes. For each interlayer thickness considered here, one can always choose an appropriate voltage to achieve switching and the performance of the device is therefore robust.
In conclusion, we have shown that the unique electromagnetic properties of graphene enable the construction of a fundamentally important building block of large-scale integrated electromagnetic circuit at deep sub-wavelength scales.
